In South Africa, the flow requirements for maintaining the normal functioning of aquatic ecosystems is termed the "ecological reserve", and these should be determined when a licence application for water allocation is processed. Determination of the ecological reserve entails investigation of the relationship between the major interactive components of the hydrologic cycle, namely groundwater and surface water bodies including rivers, lakes and estuaries. Information on groundwater discharge towards surface water bodies is critical for the water resource manager to make a decision regarding the amount of groundwater allocation that can be licensed without causing a negative impact on aquatic ecosystems. Existing techniques of hydrograph-separation are too subjective either due to the fact that assumptions of the techniques cannot be met in reality or that the parameters used in models do not have physical meanings. This paper presents a geomorphologic framework under which the quantification of groundwater from a hydrograph is discussed. A focus is placed on hydrogeomorphological typing that can be used to guide a process of separating groundwater discharge time series from hydrographs where a monthly groundwater discharge time series is required for comparison with instream flow requirements. For generating monthly groundwater discharge time series, a generic procedure is proposed, which is applied in a case study.
Introduction
The South African National Water Act of 1998 places emphasis on the protection of water resources for their sustainable utilisation. Officially, from the 1 st of October 1999, a preliminary or comprehensive Reserve evaluation of a water management area should be determined when a licence application for water allocation is processed. The ecological reserve is a generic term representing flow requirements for aquatic ecosystems. In the case of rivers, it is referred to as the instream flow requirement (IFR). The fundamental assumption for the derivation of the IFRs is that rivers with a high degree of hydrological variability will require a lower proportion of their natural mean annual runoff, because they are accustomed to experiencing such conditions. In addition, the higher the desired conservation status is, the more instream flow is required.
Annual IFRs for high, low and drought flows are further assigned by hydrological and ecological specialists into 12 monthly values of the hydrological year from October to the following September. The 12 monthly values, often expressed in terms of various confidence levels, are based on generated instream flow time series (Hughes and Münster, 1999) . The low flow component of the IFRs may be fed or maintained by groundwater discharge if there is hydraulic connection between aquifer and stream. Hence, groundwater allocation must take into account the possible impact of over abstraction of water on the low flow component of IFR.
The general approach to the quantification of the groundwater contribution to surface water is numerical simulation. However the numerical results often suffer from lack of measured groundwater flow data for calibration. Alternatively, hydrograph-separation techniques are used in South Africa. It is commonly accepted that a hydrograph consists of baseflow (groundwater), interflow and direct runoff. The hydrograph-separation techniques are used to separate baseflow from a hydrograph by removing quick (or high) flow from slow (or low) flow (Smakhtin, 2001) . Many researchers have focused on hydrograph-separation for short period events such as a single flood (Linsley et al., 1958; Farvolden, 1964; Rorabaugh, 1964; Halford and Mayer, 2000) . Automation of hydrograph-separation methods has made their techniques easier to apply for larger time scales (Rutledge, 1993; Mayer and Jones, 1996) . However, as Halford and Mayer (2000) point out, all hydrograph-separation techniques, when used alone, are poor tools for estimating groundwater discharge because the major assumptions of the techniques are not easily met. In South Africa, Herold (1980) suggests that the current groundwater component results from the combined effect of decay of previous groundwater discharge and previous streamflow increase. This method was adopted in the Water Resources 1990 project in South Africa, in which a time series of monthly flows could be separated into surface and groundwater components for each of the approximately 2000 Quaternary catchments of the study area (South Africa, Lesotho and Swaziland) (Vegter and Pitman, 1996) . Even though the Herold method is an improvement on earlier hydrograph-separation techniques, it is still very subjective and does not take hydrogeological settings into account. Existing hydrograph-separation methods used in South Africa are summarised in Table 1 .
These methods often seem to be unable to differentiate the origins of the low flow component that may contain groundwater discharge as well as interflow. Questions like; what portion of low flow is groundwater and to what degree groundwater contributes to instream flow requirements (IFRs) remain unresolved.
The understanding of the mechanism of baseflow generation in rivers is a prerequisite for the estimation of any realistic time series Available on website http://www.wrc.org.za of groundwater discharge into rivers. Traditionally, a hydrogeological approach is initially aimed at understanding groundwater occurrences, the delineation of aquifer boundary conditions, and eventually, the determination of the relationship between groundwater and surface water bodies. However, this approach tends to be qualitative and not useful for generating groundwater discharge time series. Alternatively, numerical simulation techniques are often employed to generate groundwater discharge time series. However, this often requires calibration data and has cost implications. To overcome these drawbacks, this paper proposes an alternative approach based on the geomorphic features of streams and introduces a procedure that makes use of hydrogeologic rules for consistency of the separation during the generation of time series at monthly intervals. These simple rules are easily implemented in spreadsheets, to achieve the preliminary estimation of the time series of groundwater discharge to a surface water body.
Hydrogeomorphological classification of streams
Streams may be classified based on various criteria for different purposes. For the purposes of ecological reserve determination, it is important to characterise a stream by its geomorphic features during hydrogeological investigations. The following geomorphologic classification is adopted for quantification of groundwater discharge towards streams (Xu et al., 2001a) .
Geomorphological classification of streams
The following general classification for streams may be recognised in South Africa:
• Upper catchment areas • Special cases of endoreic drainage into large pans (e.g. Okavango
River)
The above geomorphological classification provides hydrogeologists with information that is related not only to what type of aquifer is being dealt with, but also to what type of boundary conditions one should take into account in the conceptualisation of aquifer systems. In general, the implications for groundwater interactions with streams (rivers) may be summarised as follows:
• Upper catchment areas Type a: Streams without bank storage (e.g. braided rivers). This type is most likely to occur in mountainous areas. Streamflow possesses sufficient energy to incise the stream channel resulting in cliffs on either side. At local scale subsurface stormflow (or interflow) could seep out into the stream, but at regional scale this is the recharge area for groundwater systems.
• Middle courses
Type b: Streams controlled by bed morphology (e.g. pool and riffle sequences). This type is often associated with, but not restricted to, the above Type a. Although the interaction with groundwater due to bed morphology alone is very localised, interaction with groundwater at a regional scale can be significant. It can be of a recharge or discharge nature for an aquifer system. At a regional scale this is a groundwater runoff area, while at a local scale the direction of interaction between groundwater and river may be changeable.
• Lower courses
Type c: Streams with bank storage (e.g. meandering rivers).
This type often appears in topographically flat areas near a regional base level. Fluvial erosion is able to develop terrain horizontally, and these areas may become a bank storage buffer for groundwater. Generally, this is the discharge area for regional groundwater systems. It is important to note that the role of bank storage is significant only if the bank is composed of unconsolidated sediments with a good storage coefficient. The major advantage of this classification is that each stream type can be associated with a particular geomorphologic and hydrogeological setting, including flow boundary conditions and the ecological significance of these groundwater flows.
Interaction types and characteristics
From a hydrogeomorphological point of view, four types of interactions between streams and groundwater can be recognised. Let us begin with a general case for the purpose of understanding the terminology used.
Separation for a single flood event
A single peak flow is illustrated in Fig 1. The hydrographseparation method makes use of the following terms. Hydrograph-separation is used to divide hydrograph into two parts: quick runoff and slow flow (mainly groundwater component). The latter is controlled by the hydrogeological conditions upstream and in the vicinity of the stream channel. Time parameter T (d) can be determined based on existing methods (Linsley et al., 1958; Rorabaugh ,1964; Domenico and Schwartz, 1990 ), although they may be based on empirical relations. Point A: starting of baseflow recession; Point B: recession point at peak flow; and Point C: quick runoff terminated after T time.
Hydrogeomorphological typing
There are still some difficulties regarding how to accurately separate groundwater discharge from hydrographs. For instance, a monthly time-scale is normally used rather than a daily scale for the separation. However, a rule of thumb may be proposed to assist with the separation process. The following four types of interactions between streams and groundwater can be conceptualised.
Type 1: Constantly losing or gaining streams
This type may occur in the upper catchment where the regional groundwater level is constantly below the stream stage as shown in Fig. 2 (1a) . It may also be found in places where permeabilities of stream bed materials are such that the amount of water lost from streams is limited. Constantly gaining streams may also exist where streams are fed by groundwater from confined aquifers (case 1b of Fig. 2 ).
Type 2: Intermittent streams
This type may be found in the middle course where groundwater discharges towards the stream during dry periods, while the river recharges aquifers during floods. The baseflow component would have a cutoff under the peak flow time as in case 2 of Fig. 2 .
Type 3: Gaining streams with or without storage
This type is often observed in the lower course where groundwater levels may be consistently higher than the river stage. The baseflow component would increase in either an S curve or a straight line, depending on the presence of bank storage. As shown in Fig. 2 , the three possible cases are: 3a for porous media without bank storage, 3b for fractured media without bank storage and 3c for fractured media with storage. Fig. 2 , the baseflow displays similarities to the quick runoff in terms of their phase and amplitude.
Summary
In terms of hydraulic connection, the above types of interactions between streams and groundwater can be summarised as follows (Fig. 3 , Table 2 ).
Generation of discharge time series
An algorithm for the estimation of monthly groundwater discharge is proposed for the Types 1 through 3 of Fig. 3 . It is assumed that 
Figure 2
Typical scenarios of the interaction between groundwater and steams the lumped parameter approach is adequate for the purpose of generating monthly groundwater time series under the hydrogeomorphological framework.
Hydrogeomorphological approach

Adaptation of formula
The hydrogeomorphological approach to the quantification of groundwater contributions allows qualitative knowledge of field problems to be incorporated into hydrograph analyses. Modified from Herold (1980) , it is proposed that the groundwater contribution to baseflow be a summation of the decay of previous groundwater contribution (Q gi-1 *D) and rainfall-induced flow increment (Q i-1 *I). This may be written as: Table 2 when use of Eq. (1) is made.
The proposed method makes use of the following assumptions: • Groundwater discharge fluctuation is of the same order of magnitude as spring flows. Thus some limits may be imposed on Q gi , e.g. Q gMin < Q gi <Q gMax based on spring flow fluctuation in the catchment.
• The influence of instream materials and geometry is negligible.
• A direct correlation exists between groundwater recharge events and stream discharge peaks.
Estimation of parameters
The value of Q g0 may represent a long-term balance of the interaction.
To estimate the value of Q g0 , it is proposed that use of the water table contour maps be made. Either Darcy's law or a numerical model can be used to estimate groundwater flux towards streams. For numerical simulation, any model can be used as a computational tool with following steps (Zhang, 2000):
• Discretise the study area:
The study area is subdivided into finite-difference or finiteelement blocks, with the size of the blocks depending on the size of the study area and the desired resolution. • Assign the measured groundwater level into each block:
Generally, the observed water levels are only available at some discrete points, and an interpolation method must be used to 
Hydrogeomorphologic Types
• Geomorpho logic typing
• Interaction scenarios
• Hydraulic connection
• Baseflow separation concept Interflow dominant streams 4 0 0 ~ 0.5 +
at 49.17%. This result is comparable with that presented by Vegter (1995) . It is possible to derive recharge values based on the amount of groundwater separated from the hydrograph (Vegter, 1995) . The idea is to convert the separated groundwater component into an equivalent groundwater runoff value, which can be compared to the surface water runoff. In this case the recharge is estimated at 14% of precipitation.
Discussion
The Excel program is user-friendly. However, to prevent it from being misused, hydrogeomorphological typing of specific sites must be carried out in order to apply the suggested rules correctly. For the purposes of possible applications, attention should be paid to the following points.
• The groundwater contribution from the proposed method is conservative because evapotranspiration from the saturated zone along the stream valley is neglected.
• Chemical concentrations should be used to check or confirm the quantification of the groundwater component.
• The significance of isotope methods should be examined.
Ecosystems are dependent on natural flow variability. If the natural flow is constant, problems can be expected. The reserve (IFRs in the case of rivers) does not refer only to volume but also to duration, frequency and timing. Therefore the generated groundwater time series may necessarily be inaccurate. But it must reflect the flow dynamics to an order of magnitude accuracy, as real groundwater discharge series would have. Similar to the surface water approach, assurance analysis of the generated groundwater contribution is required by presenting a duration curve.
One of the critical issues for the assignment of an annual IFR values into monthly IFR values is how to evaluate the groundwater contribution to baseflow. A hydrogeologist involved in the Reserve study must investigate and establish the relationship between groundwater and surface water bodies in order to fully understand the hydrogeological implications of the IFRs.
Conclusions
The proposed empirical approach is based on an hydrogeomorphological understanding and should be applied with caution. This approach attempts to first recognise typical geomorphologic stages of streams and relate them to hydrogeological settings, and then adopt relevant algorithms to estimate the discharge time series. Although still subjective in nature, the hydrogeomorphological approach is able to give a range of values of what the groundwater discharge is likely to be.
Owing to the fact that field problems are very complicated, the accurate calculation of the groundwater contribution to streams is difficult. Although the proposed approach still needs verification and improvement through case studies, it makes simple hydrographseparation techniques more meaningful. This provides a good conceptual framework where time series of groundwater discharge to streams can be estimated with reasonable (order of magnitude) accuracy. Much more investigation still needs to be done in order to refine the methodology.
